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Summary statement 1 4
We investigated the impact of multimodal information on navigating ants. Ants showed flexible 1 5
response to multimodal information depending on the sensori-motor contingencies of the navigation 1 6
task. 1 7 either the olfactory (O) or visual (V) cue was removed from the multimodal cue combination (O  1  3  3 removed in VOA, V+O-A+; V removed in VOA, V-O+A+) and the ants' paths were recorded. 1 3 4
Furthermore, conflict tests were introduced in some of the experiments. Here, either OA (for 1 3 5 VOA Centre ants) or A (for VA ants) was displaced 20° to the left of its familiar position and the ants 1 3 6
were recorded as described above. 1 3 7
Data analysis 1 3 8
Training and test paths were analysed from reliable ants that approached the feeder +/-10° in 1 3 9
at least 2/3 of their training trials from training round 14 onwards. 1 4 0
The performance of naïve ants experiencing the cues for the first time and from well-trained 1 4 1 ants was determined. In the VOA experiments, tests with either the olfactory (V+O-A+) or visual cue 1 4 2 (V-O+A+) removed were analysed also. General walking speed and path straightness (index of 1 4 3 straightness = beeline distance / walking distance) were calculated for paths from r = 10 cm to r = 35 1 4 4 cm (r being distance from the centre of the platform). Accuracy of path headings were determined at r 1 4 5 = 14 cm, 21 cm, 28 cm, 35 cm and 42 cm. To do so, the difference between the actual heading 1 4 6 direction and the beeline to the feeder was calculated for each distance. r = 42 cm has a lower sample 1 4 7 size because the tracking system often stopped in the close vicinity of the feeder. 1 4 8
A more detailed path analysis was done for all training paths from ants using different cue 1 4 9
combinations. Here, paths were taken from the edge of the holding chamber (r = 3.25) up to r = 35 1 5 0 cm. We took the reliable ants (see above for selection) and focused on their paths when approaching 1 5 1 the feeder +/-10º. Paths were broken into 15 cm chunks and walking speed and path straightness were 1 5 2 calculated for each of these chunks. Means for first and second halves of route were calculated for 1 5 3 each path and means from all training paths were determined for each ant. Turns along the paths were 1 5 4 calculated by finding 1 cm chunks with directions more than +/-60º away from the target direction. 1 5 5
Turns were counted for the first and second half of the route and means over all the training paths 1 5 6
were calculated for each ant. 1 5 7 1 5 8
Results

5 9
Cur binding can be seen in multimodal navigation 1 6 0
Here we tested cue binding (as in (Steck et al. 2011) ) in wood ants navigating to a feeder 1 6 1 defined by a visual cue (V), olfactory cue (O) and an airflow (A) presented together (VOA training). 1 6 2
In the first experiment, the feeder together with the odour and airflow was placed in the centre of the 1 6 3 visual cue (see VOA Centre in Fig. 1A ). To accurately approach the feeder location during multimodal 1 6 4 navigation, experienced wood ants required all the individual parts of the learnt cue combination. 1 6 5 VOA ants that were trained to find a feeder defined by a visual cue (V), olfactory cue (O), and airflow 1 6 6 (A) together were subsequently tested with OA or VA only. With either the visual (V) or olfactory 1 6 7
(O) cue removed in these tests, well-trained ants were not able to approach the feeder accurately 1 6 8
(V+O-A+ and V-O+A+ in Fig. 2 ). Hence, the cues were bound together, and individual parts of the 1 6 9 learnt combination alone were not anymore sufficient to locate the familiar feeder location. The 1 7 0 observed decrease in accuracy ( Fig. 2D ) was coupled with a lower path straightness ( Fig. 2F ) and 1 7 1
walking speed ( Fig. 2E ). Importantly, both path straightness and walking speed were lower than in 1 7 2
ants that were trained with OA or VA only (Mann Whitney U tests; Index of straightness, V-O+A+ vs 1 7 3 OA, p < 0.001, V+O-A+ vs VA, p < 0.001; walking speed, V-O+A+ vs OA, p < 0.05, V+O-A+ vs 1 7 4 VA, p < 0.001). 1 7 5
Cue binding depends on the navigational context 1 7 6
We further showed that the observed cue binding is not a rigid property of multimodal cue 1 7 7
learning and depends on the navigational context. Another group of ants was trained with the same set 1 7 8
of cues (OVA), but the feeder together with the odour and the airflow was now placed at the edge of 1 7 9
the visual cue ( Fig. 1B) to create a simpler navigational task (Harris et al. 2007) . In contrast to what 1 8 0
we have seen before (see Fig. 2 ), well-trained ants were still able to accurately approach the learnt 1 8 1 feeder location when either the olfactory (O) or visual (V) cue was removed (V+O-A+ and V-O+A+ 1 8 2 in Fig. 3 ). However, when far away, ants were less accurate with the visual cue removed (Fig. 3D ). 1 8 3
Furthermore, path straightness was decreased ( Fig. 3F ) but walking speed was not altered (Fig. 3E ). 1 8 4
Cues act additively in determining paths accuracy after training 1 8 5
Across the different experimental conditions, we saw some innate attraction to the cues in 1 8 6 naïve ants ( Fig. 4 ). In all conditions with the visual cue present, ants were directed towards it 1 8 7
(Rayleigh test, all p < ***) whilst the odour or the airflow were not attractive to them (Rayleigh test, 1 8 8 both p > 0.05). Training improved the ants' navigational performance, and in general, experienced 1 8 9
ants walked more accurately towards the feeder (Angular deviation from target beeline at r = 35 cm; 1 9 0
Wilcoxon matched pairs test, VOA C p < 0.001, VOA E p < 0.001, VA p < 0.001, OA p < 0.001, V p < 1 9 1 0.001), had straighter paths (Index of straightness; Wilcoxon matched pairs test, VOA C p > 0.05, 1 9 2 VOA E p > 0.05,VA p < 0.001, OA p < 0.001, V p < 0.001) and a lower walking speed (Walking 1 9 3 speed; Wilcoxon matched pairs test, VOA E p < 0.01, VOA C p < 0.01, VA p < 0.001, OA p < 0.001, V 1 9 4 p < 0.05) than naïve ants unfamiliar with the experimental environment (for paths and heading 1 9 5 direction see Fig. 4 ). Comparing the different cue combinations, we see that the proportion of accurate 1 9 6
ants was increased with the number of navigational cues available ( Fig. 5A ), i.e. cues act additively in 1 9 7
determining paths accuracy. 1 9 8
Different navigational strategies require different path structures 1 9 9
Further path analysis of well-trained ants revealed that the learning of different cues produces 2 0 0 differently structured paths. Generally, ants had fewer turns ( Fig. 5B ), straighter paths ( Fig. 5C ) and a 2 0 1 higher walking speed ( Fig. 5D ) in the second half of their route to the feeder (Wilcoxon matched-pairs 2 0 2 signed-ranked test, all p < 0.001). When comparing the different conditions, we observed that ants had 2 0 3 more sinuous paths and produced more turns when they followed the odour plume but did not have 2 0 4 any visual information available ( Fig. 5B and 5C ). Contrary to this, V and VOA Edge ants had the 2 0 5 straightest paths and the lowest number of turns (see Fig. 5B and 5C ). Interestingly, ants with exactly 2 0 6
the same set of navigational cues (VOA), but having the feeder either in the centre (VOA Centre ) or at 2 0 7
the edge (VOA Edge ) of the visual cue, differed from each other. The VOA Edge ants had straight paths 2 0 8
and only a few turns, whereas the VOA Centre ants had paths somewhere in between visually and 2 0 9 olfactory guided ants. Moreover, VOA Centre ants walked significantly faster than most of the other 2 1 0 groups while VOA Edge ants were in the lower speed range together with the other groups (Fig. 5D ).
1 1
Functional range of the odour plume is bigger than of the airflow 2 1 2
In an additional test, ants from the VOA Centre training were tested with the odour and airflow 2 1 3
(OA) shifted 20° to the left (Fig. 6A and B for the two different conditions). These ants initially 2 1 4
headed towards the centre of the visual cue (see orange arrow in Fig. 6A and B ) and then drifted away 2 1 5 from this direction to walk towards the shifted OA (see blue arrow in Fig. 6A and B ). Hence, visual 2 1 6 information was used for navigation when far away and the odour plume became more important 2 1 7
further along the route. Ants from the VA training were tested in a similar conflict test, i.e. with 2 1 8 airflow (A) displaced by 20°, and they also initially walked towards the centre of the visual cue and 2 1 9
then shifted away towards the source of the airflow (Fig. 6C) . However, the change of direction 2 2 0 happened later along the route suggesting that the spatial scale over which the airflow can be detected, 2 2 1 and used as a cue, is smaller than the one for the odour plume. lab experiments with detailed recording of ants' movements have allowed us to investigate a series of 2 2 7
questions about the use of unimodal or multimodal cues to find a feeder. We show that (i) the 2 2 8 navigation performance is improved when multiple cues are available, (ii) different navigational 2 2 9 strategies require different movement patterns and (iii) the cue binding previously described by (Steck explained by the sensori-motor contingencies of a particular task. 2 3 2
Multimodal sensori-motor integration 2 3 3 Wood ants are excellent navigators, foraging for dead arthropods on the ground and aphid 2 3 4 honeydew in trees (Domisch et al. 2016) . We know that vision is important for navigation in many 2 3 5 ants (Zeil 2012; Wehner et al. 2014) , including wood ants (Rosengren 1971) but for the detection of 2 3 6
food sources an excellent sense of smell is also essential (dead arthropods: (Buehlmann et al. 2014) ; 2 3 7 aphids: (Nault et al. 1976; Lohman et al. 2006; Verheggen et al. 2012) ). Here, we show that ants 2 3 8 utilise these ecologically relevant sensory modalities, to more accurately approach a learnt feeder 2 3 9
when multiple cues were available (Fig. 5A) We know from fruit flies and other flying insects that visual feedback is needed for stabilizing 2 4 6
an upwind flight (Reiser et al. 2004; Budick et al. 2007) , thus plume tracking is enhanced in the 2 4 7
presence of visual cues (Fadamiro et al. 1998; Frye et al. 2003) where the cross modal interaction 2 4 8
works because attractive odours enhance the gain of optomotor responses during flight (Chow & Frye 2 4 eventually approach it using thermal cues (van Breugel et al. 2015) . Hence, different spatial scales for 2 7 0 the different cues allows the insects to use the cues sequentially while at the same time cues interact 2 7 1
Is cue binding a cognitive process or can it be explained by sensory motor motifs? 2 7 2
In the experiments presented here, we challenged ants to learn a feeder location defined by 2 7 3 multimodal information. Previously, in a similar experiment, desert ants learnt to use both olfactory 2 7 4
and visual cues to navigate back to their nest (Steck et al. 2011 ) and the bimodal cues were first learnt 2 7 5
independently but later stored as a unit, i.e. the components were merged and ants no longer 2 7 6 responded to either visual or olfactory cue presented alone (Steck et al. 2011) . We ask here if this cue 2 7 7 binding can be explained by the ants' path characteristics and if some behavioural flexibility is 2 7 8
retained.
We performed experiments where the feeder location was defined by a visual cue (V), 2 8 0 olfactory cue (O) and airflow (A) presented together (VOA experiments). In the first experiment, the 2 8 1 feeder was located in the centre of the visual cue (VOA Center ). These ants were not anymore able to 2 8 2 accurately approach the feeder when either the visual component or the olfactory component was 2 8 3 removed, they also walked slower and less straight (Fig. 2) . Hence, as previously described (Steck et  2  8  4 al. 2011), all the learnt cues were required for accurate navigation. However, in a second experiment 2 8 5 ants had the same set of cues (VOA) but the feeder was now located at the edge of the visual cue 2 8 6 (VOA Edge ). Here, ants in tests with either the olfactory or visual cue missing were not significantly 2 8 7 less accurate (Fig. 3) . Interestingly, ants from the two groups (VOA Centre and VOA Edge ) were 2 8 8 significantly different in path straightness, turn frequency and walking speed, even though they 2 8 9
experienced the same set of cues (Fig. 5 ). 2 9 0
In summary, we can conclude that 'binding' is not a cognitive inevitability in multimodal 2 9 1 tasks, but depends on the sensori-motor contingencies of the particular task. Furthermore, the 2 9 2
interactions between cues may be either: Direct, for instance when sensori-motor patterns in 2 9 3 experienced ants when the removal of a familiar cue is deleterious on path efficiency; Or, indirect, 2 9 4
where the fine-details of the sensori-motor patterns during learning are important for the ultimate 2 9 5 performance of well-trained ants. Navigating to the edge of a large visual cue is a simpler task than 2 9 6
navigating to the centre (Harris et al. 2007) , thus the rapid visual learning could also increase the 2 9 7 efficiency of olfactory learning. 2 9 8 2 9 9
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We thank Antoine Wystrach for providing the Matlab script for the path density plots and Tom Collett 3 0 1 for many fruitful discussions. of the white platform (120 cm in diameter) to the feeder (F) 45 cm away from the centre in the 3 1 7 presence of a visual cue (V, black rectangle), olfactory cue (O, hypothetical odour plume shown in 3 1 8 grey) and airflow (A, airflow shown in grey) either presented individually (V or A) or together 3 1 9
(VOA Centre , VOA Edge , VA or OA). An ant released at the centre of the platform walking towards the 3 2 0 edge of the platform reaches the filter paper with the odour at r = 44 cm, the feeder at r = 45 cm, the 3 2 1 centre of the visual cue together with the end of the tube connected to the pump at r = 50 cm and the 3 2 2 edge of the platform at r = 60 cm. Each group of ants was trained to only one of the 6 different 3 2 3 training conditions. A: Feeder was placed at the centre of the visual cue with either all the cues 3 2 4
presented together (VOA Centre ), only the visual cue and the airflow (VA) or the visual cue only (V). B: 3 2 5
Feeder was placed at the left edge of the visual cue where the olfactory cue and airflow was placed 3 2 6 (VOA Edge ). C: Feeder location was defined by either the airflow only (A) or the airflow together with 3 2 7
the odour (OA). D: Visualisation of the odour plume. Draeger air flow tester (tube visible at the lower 3 2 8 end of the picture) was used to release smoking sulfuric acid and was connected to the same pump 3 2 9
used for providing the air flow during the behavioural experiments. Platform was covered with black 3 3 0
paper for smoke visualisation. 
